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ABSTRACT
Radiation in space poses significant biological hazards for crews on deep-space
missions. For astronauts on the travel to Mars, for example, the radiation dosage
endured with current shielding would likely reach or surpass the career limits
defined by NASA. There is therefore a need to protect astronauts from these
hazards through radiation shielding. Ideal shielding materials should be
lightweight, thermally stable, and mechanically durable for structural support.
Hydrogen-rich materials provide defense against high energy protons and the
incorporation of metal nanoparticles with the ability to absorb thermal neutrons
shield against secondary radiation. This report considers the development of
hydrogen-rich polyimide materials which contain boron nanoparticles to shield
against thermal neutrons. These materials are developed for the purpose of
testing their neutron absorption capabilities to determine optimal shielding
composition. This report then goes on to discuss the synthesis of a hydrogen-rich
monomer, trans-1,4-di(4-fluorobenzoyl)cyclohexane, and its polymerization to
produce two hydrogen-rich poly(arylene ether)s, both of which are thermally
stable with over 200°C glass transition temperatures for the application of
radiation shielding in space.
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CHATPER 1: INTRODUCTION
A. Sources of Radiation
Space travel has proved to be an incredibly rewarding pursuit in human history.
Unmanned probes have traveled into deep space collecting valuable information, and as
humans venture farther and farther outside of Earth’s magnetic field the missions present
more complications, particularly in manned pursuits, where the safety of the astronauts
must first be considered. The farthest a human has traveled outside of Earth’s atmosphere
to date has been on the Apollo lunar expeditions, a distance of 2.5x105 miles from the
surface of Earth. The vast majority of manned missions are to the International Space
Station, a distance of only 220-250 miles from Earth, where the astronauts are protected
by the Earth’s magnetic field.
A primary potential hazard for humans on deep space missions is radiation.
Radiation in space can cause damage to the equipment as well as causing harm to the
humans aboard, and radiation shielding techniques must be employed to minimize health
risks. Radiation in space is comprised mostly of atoms which have had their electrons
stripped away, leaving only the nuclei. This type of radiation is mainly a threat in deep
space missions. Missions in low earth orbit (LEO, 120- 1,200 miles above Earth) are less
of a concern due to the protection of Earth’s magnetic field. The Van Allen belts consist
of two layers of charged particles which have been trapped by the Earth’s magnetic field.
Most incoming radiation is deflected or contained by the Van Allen belts, and as such,
humans on LEO missions are much less susceptible to radiation damage. However, deep
1

space missions beyond these belts, such as interplanetary travel to Mars, would require
improved shielding techniques to protect against the different types of harmful radiation2.
There are different radiations in deep space: galactic cosmic radiation (GCRs) and
solar energetic particles (SEPs). The matter of secondary radiation must also be
considered. Secondary radiation occurs when primary energetic particles interact with
other atoms in the spacecraft material producing more particles, including neutrons,
which contribute to the overall radiation dose experienced by the people on board.
Galactic cosmic radiation is the greatest concern because GCRs are always
present, especially beyond Earth’s magnetic field. GCRs are composed of high-energy
ions which have been stripped of all of their electrons. They are comprised of mostly the
nuclei of hydrogen (89%), but also contain 10% helium, and 1% other heavier ions which
are referred to as HZE (high atomic number and high energy) particles. These HZE
particles are less abundant than other nuclei, but there is uncertainty concerning their
potential biological affects as they are densely ionizing17. These particles are highly
energetic, with most ranging from 100 MeV to 10 GeV (99.6% the speed of light). It is
believed that they derive their energy from supernova explosions. GCRs originate outside
of our solar system and, because they are charged, they have been deflected by magnetic
fields making their origin impossible to identify. Earth’s magnetic fields shield against
these particles for the most part and as a result very few make their way to Earth, making
up only a few percent of the natural background radiation on the surface9.
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Another primary source of radiation comes from solar energetic particles. These
particles are released from the Sun in the form of solar flares or coronal mass ejections.
When these events occur, large amounts of high-energy protons, helium nuclei, and
electrons are released, often in the direction of the Earth. During a solar particle event
the abundance of these particles can increase by a factor of 102 to 106 over a short period
of time, generally hours to days. While shielding materials tend to be more effective
against these particles because they are lower in energy then the particles found in GCRs,
the danger of these events lies in the fact that they are unpredictable and there is often
very little time to prepare. Solar activity operates on an 11 year solar cycle and the
likelihood of these solar particle events increases around a solar maximum2. Depending
on when a mission is scheduled, they can cause a large difference in the amount of
radiation encountered due to their unpredictable frequency and intensity.
Radiation dosage is measured in the international unit o f Grays. The absorbed
dose of radiation is defined as the amount of energy deposited by radiation per unit mass
of material. However, radiation types vary in energy and deposit the energy in different
ways. In order to take into account these differences, an equivalent biological dose is
measured in milliSieverts (mSv). The more biological damage the radiation can cause,
the higher the mSv value16. Maximum acceptable levels established for astronauts are set
based on a 3% risk of mortality from cancer. However, there are still large uncertainties
when it comes to the biological effects of HZE ions6.
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The particles found in space radiation are harmful to biological systems because
they have the ability to knock electrons out of the atoms in the material it comes into
contact with, ionizing them. The energy in the radiation is absorbed by the tissue and can
cause damage to cell components including DNA molecules. High doses of ionizing
radiation lead to increased cancer in most organ tissue and also contribute to the
acceleration of other risks such as cataracts and CNS damage5. Space radiation can also
cause damage to the electronic components on a spacecraft.

B. Mission to Mars
NASA’s acceptable career limits for radiation dosage range from 600 to 1200mSv
depending on the age, gender, and health of the astronaut. Generally, the career limit of 1
Sv is used as a reference. Models by McKenna-Lawlor et al.8 predict the radiation
encountered during the travel and 30-day rest period on Mars would reach or surpass
these established career limits.
The Mars Science Laboratory Spacecraft and the Curiosity rover were sent to
Mars in November, 2011. A Radiation Assessment Detector (RAD) was used to make
measurements of energetic particle radiation inside the spacecraft between Earth and
Mars. These data provide insight into the potential radiation a manned spacecraft would
encounter and helps to evaluate the need for effective shielding during a trip or a stay on
the surface.
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The Mars Science Laboratory found on its cruise between December 6, 2011 and
July 14, 2012, that during the outbound travel the radiation encountered reached a total of
331± 54 mSv. The return trip would double this, resulting in 662± 108 mSv during travel
alone which is a large fraction of established career limits. This estimate does not include
the time spent on Mars which could add considerably to the total dose encountered.
Additionally, the dose could vary significantly with the frequency and intensity o f SEP
events, a contribution which could possibly be much larger depending on the time of the
trip19.

C. Proposed Solution:
Radiation is a significant problem for deep-space missions, like the mission to
Mars. Effectively protecting crew from galactic radiation would greatly enable space
exploration, expanding both the distance humans can travel from Earth and the amount of
time they can spend at their destinations. This would then expand the amount of potential
scientific knowledge gained. The scientific necessity, then, is to try to minimize the
amount of radiation which those inside the spacecraft would experience while utilizing
shielding that is lightweight in order to keep the cost and energy of launch as low as
possible. Layers of metals, particularly aluminum and lead, provide some of the best
defense against radiation if weight were not a concern. However, thick layers of the
metals would add significant weight to the spacecraft. It turns out that hydrogen-rich
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materials are also successful in slowing down energetic particles in space, as hydrogen
provides the highest Coulombic repulsion per unit mass of any element.
Hydrogen-rich aromatic polymeric materials have been investigated as radiation
shielding materials. These materials are ideal in that they are lightweight while also
reducing radiation and maintaining high mechanical strength over a large range of
temperatures. Aromatic polymers are already used on spacecrafts as lightweight
structural materials and thermal blankets, but are not used for radiation shielding as they
are typically low in hydrogen. Additionally, the polymeric material can serve to mitigate
secondary radiation caused by the interaction of high energy GCRs and SEPs with
spacecraft through the introduction of nanoparticles which have the ability to absorb
thermal neutrons and form stable products.
This research investigates the use of hydrogen-rich polymeric materials for the
application of radiation shielding in space. This report first investigates the introduction
and dispersion of neutron-absorbing nanoparticles into hydrogen-rich aromatic polyimide
material to reduce both primary and secondary radiation. Next, this work describes the
synthesis and polymerization of novel hydrogen-rich poly(arylene ether ketone)s for the
application of radiation shielding. This work provides an effort to create hydrogen rich
polymeric materials with desirable mechanical properties and thermal stability, and an
exploration of the addition of nanoparticle fillers to capture secondary neutrons.

6

CHAPTER 2: BORON-CONTAINING POLYIMIDE MATERIALS
A. INTRODUCTION:
1. Polymers:
As mentioned in the introduction, two of the most important qualities in NASA
spacecraft materials are weight and mechanical strength. Aromatic polyimides are an
attractive product because they possess both of these qualities. Poly(4,4’oxydiphenlyene-pryromellitimide), commercially available as Kapton®, is a well-known
aromatic polyimide produced by Dupont and is used for a variety of industrial
applications as well as in space. This product possesses many exemplary characteristics
for space travel because the polymer exhibits a high degree of mechanical strength and is
stable over a large temperature range while still being lightweight. Kapton® has been
shown to maintain its properties to temperatures over 400°C, has a tensile strength of 231
MPa, and a Young’s Modulus (the ratio of stress versus strain, a measure of rigidity) of
2.5 GPa, making it a very strong and durable material16.
While Kapton® possesses many desirable properties, especially its thermal
stability, the use of a polyimide with a higher hydrogen content is more desirable for
radiation shielding applications. High-energy particles are slowed down by Coulombic
interactions with hydrogen, which provides the highest electron density (electrons per
mass) of any other element due to the fact that its nucleus contains no neutrons. This
means it provides the greatest interaction with high-energy particles by weight.
Polypropylene, with its very high hydrogen content, is an effective shield against these
7

high energy particles. However, its mechanical and thermal properties are poor in
comparison to polyimides like Kapton®13.

2. Neutron Capture:
The high-hydrogen aromatic polyimide material utilized in this project slows
high-energy ions and fast neutrons, but its ability to shield from secondary neutrons could
be further improved through the inclusion of chemical elements with the ability to absorb
thermal neutrons. The incorporation of these elements into lightweight polymers was
investigated in an effort to increase shielding capabilities against secondary radiation.
It is important to choose elements with a high neutron capture cross-section to
shield from the thermal neutrons. The neutron-capture cross section measures the
element’s ability to absorb a neutron and form a stable product. This ability diminishes as
the energy of the neutron increases. Here, the property is described as the ability to shield
lower-energy thermal neutrons, as opposed to high-energy fast neutrons. The probability
of thermal neutron capture is measured in units of bams, which is a unit of area where 1
bam is 10'24cm2. Gadolinium possesses one of the highest probabilities of neutron capture
at 49,000 bams. Boron also has a relatively high neutron capture cross-section, which is
measured at 767 bams. These are significantly higher than values for the more common
elements in polymeric shielding materials such as nitrogen, hydrogen, and carbon which
measure 1.91b, 0.3326b, and 0.00335b respectively3. As such, incorporating these
neutron absorbing elements would be a great improvement in neutron radiation
8

protection. This investigation describes the use of boron exclusively, although other
materials have been investigated in the past using gadolinium particles1, and the findings
in this project could be applied to the incorporation o f these other nanoparticles into
future materials.
The primary advantage of incorporating boron into shielding material over other
dopants with a high neutron cross section is that it does not add much weight to the
overall shield. Specifically, 10B is the isotope of boron with a high neutron capture cross
section. However, n B is more naturally abundant than 10B, therefore, ideally, enriched
boron-10 would be used for shields. However all samples used here are assumed to be
boron in its naturally occurring isotopic ratios with 10B at 19.9% abundance.
Theoretical calculations have been made to estimate a given material’s ability to
shield against the thermal neutrons. In the studies conducted here, samples were to be
made up to test these theoretical calculations using a thermal neutron source. The NASA
program OLTARIS was used in a thesis by previous Master’s student Clint Schiavone to
predict and compare shielding ability of different material compositions15. Schiavone’s
research found that a given amount o f boron, either concentrated in a thin layer behind a
block of polymer or distributed throughout the block of polymer, had an equal ability to
shield thermal neutrons. The following work describes the synthesis and processing of
samples of an aromatic polyimide and the addition of boron as a dopant to this polyimide.
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3. Agglomeration and Dispersing Agents
Boron nanoparticles were treated with dispersing agents before incorporation into
polymer materials in order to reduce agglomeration of boron particles in the polymer
matrix. While it is true certain nanoparticles can promote mechanical strength in some
polymer composites, it is unclear how boron or similar nanoparticles will affect the
mechanical strength of the polymers. This is important because undispersed, aggregated
particles can leave open spaces in the polymer network, compromising mechanical
strength and leaving other regions in the material free of particles which would absorb
secondary neutrons, potentially decreasing the effectiveness of the shield.

B. EXPERIMENTAL
1. Materials and Instrumentation:
One polyimide was used for all of the boron nanoparticle research conducted in
this investigation. This is a copolymer of the dianhydride 4,4’-(4,4’isopropylidenediphenoxy)bis(phthalic anhydride) which will be referred to as UDA, and
the diamine 4,4’-(l,3-phenylenediisopropylidene)bisanline, referred to as BAM. Both
monomers were purchased from Sigma-Aldrich with 97% and 98% purity respectively,
as determined by the supplier. The reaction takes place in two steps, the monomers first
react to form a poly(amic acid), and then a ring closing condensation reaction produces
the final polyimide. The monomer structures are shown in Figure 1.
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This type of polymer is an alternating copolymer made by step polymerization. In
order to make a high molecular weight material it is important to start with very pure
monomers. To accomplish this, each monomer was recrystallized several times and
checked for purity using thermogravimetric analysis (TGA) with a TA Instruments Q500
TGA. The recrystallization of UDA was performed in acetic anhydride (AC2 O) purchased
from Fischer Scientific. Recrystallization of BAM was performed using 95% ethanol
(EtOH). The solvent in the polymerization was 1-methyl-2-pyrrolidinone (NMP)
purchased from Sigma Aldrich with 99% purity. The toluene used to remove water from
the reaction vessel was purchased from Fischer Scientific with 99% purity.
The boron nanoparticles used for all materials were given to the William and
Mary research group by collaborators at International Scientific Technologies Inc.,
having previously been purchased from Specialty Materials Inc. Before incorporation of
the boron nanoparticles into the polymer material, one of two dispersing, agents 2ethylhexanoic acid (2-EHA) or 4-benzylpiperidine (Bpip), were used to treat the particles
and both were purchased from Sigma Aldrich. The boron nanoparticles were centrifuged
using a Damon IEC HN-SIII Centrifuge after the treatment with dispersal agents. All
monomers and nanoparticles were dried in Isotemp Vacuum Ovens from Fischer
Scientific. Film samples of the polymer were made in a General Signal Blue M Electric
Oven, and pulled using a BYK-Gardner Film Casting Knife (referred to here as a doctor
blade).
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Neutron shielding tests were performed using a neutron source provided at NASA
Langley Research Center. The samples which were tested used a block of
poly(UDAB AM) and some woven material made by a previous graduate student at the
College, Derrick Manzlak7. The woven samples were 4”x4” thin mats of polypropylene
fibers. One of the samples contained 20% by weight boron carbide enriched in 10B to
96.77%, while the other was pure polypropylene (shown in Appendix B: Figure B-3).

2. Recrystallization:
Producing a high molecular weight polymer is a key factor in maintaining
desirable mechanical properties. In order to ensure a high molecular weight, the
monomers must be as pure as possible and present in the polymerization in equimolar
amounts. Slight deviations from a 1:1 molar ratio cause shorter polymer chains, resulting
in a low molecular weight material11. The monomers were first recrystallized two or
more times to achieve high purity materials with narrow melting temperature ranges.
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4,4'-f4X -isopropylidenediphenoxy)bis(phthalic anhydride) (UDA)
NH„

H:,C

CH

H SC

CH

4,4, - ( l /3-phenylenediisopropylidene)bi5aniiine (BAM)

The dianhydride, UDA, was recrystallized in AC2 O at 130°C with a ratio of lg
dianhydride to 2mL AC2 O. The AC2 O was heated, added to the crystals, and stirred using
a magnetic stir bar until all of the crystals were dissolved and the solution became clear.
The heat was then turned off and the solution was allowed to cool slowly to room
temperature for approximately 24 hours before being placed into a 3°C refrigerator for
further cooling. The resulting crystals were fdtered using a Buchner funnel and washed
with cold toluene. The crystals were then placed into a vacuum oven at 110°C. A
melting temperature of 187-189°C was found after two recrystallizations, which was
above the literature value of 184-187°C.
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A similar procedure was used for the recrystallization of BAM. BAM was
dissolved in ethanol at 75 °C with a ratio of lg diamine to 4 mL EtOH. The solution was
stirred using a magnetic stir bar until all of the crystals had dissolved. Then the heat was
turned off and the solution was allowed to cool before being placed into a refrigerator to
cool overnight. The crystals were filtered using a Buchner funnel and rinsed with cold
EtOH before being placed in a vacuum oven at 70°C. After the second recrystallization,
the melting temperature was found to be 111°C- 113°C. Literature value for the melting
temperature of BAM is 110-114°C.

3. Polymerization:
Before beginning the polymerization of poly(UDABAM), the purity of each
monomer was checked using thermogravimetric analysis (TGA) to help ensure a mole
ratio of 1:1. After recrystallization and drying, a small amount of solvent can remain
trapped in the crystals which is released when the monomer is heated. TGA results show
mass loss from the release of the trapped solvent, and this solvent can be taken into
account before polymerization. An example of this analysis is shown in Figure 2.

14

Run Data: 31-Mar-2014 20:22
Instrument TGA Q500 V6.7 Build 203

Method' Ramp
Comment: UDA - for Poly 1
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Figure 2: Sam ple T G A analysis o f U D A show ing determ ination o f solvent loss

For the polymerization (shown in Figure 3), a three-neck round bottom flask was
equipped with a Dean-Stark trap filled with toluene (with condenser above), an overhead
stirrer, and a nitrogen inlet with a thermometer. UDA and BAM were each dissolved
separately in a 15% by weight solution ofNM P. Once the flask had been purged with
nitrogen gas for several minutes to create an anhydrous environment, the BAM solution
was added to the flask and then the UDA solution was dripped slowly into the reaction
using an addition funnel over the course of an hour while stirring. After the addition, the
funnel was rinsed with solvent to ensure complete addition of UDA. The flask contents
were stirred at room temperature for 24 hours. Over time, the solution became much
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more viscous and darker changing from pale yellow to dark brown. This product was the
poly(amic acid) which must then be imidized.

Poly(amic acid):

Poly(UDABAM):

F igure 3: P o ly m erizatio n schem e o f U D A and BAM

The imidization reaction closes the ring in a condensation reaction producing
water which must be taken out of the reaction flask. To accomplish this, 15% by volume
toluene is added to the reaction flask and its temperature is raised. The refluxing
water/toluene azeotrope forms around 165-175°C, where it condenses in the condenser
and water collects in the bottom of the Dean-Stark trap. Any toluene that evaporates from
the reaction during the processes returns into the reaction flask. This process is continued
until the point at which no more water is collected during a period of 30 minutes.
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Usually, the theoretical water yield is slightly exceeded, perhaps due to trace amounts of
water in the nitrogen tank or in the solvent. Once all of the water has been removed, the
temperature is increased to 180°C. At this point, the toluene which was added previously
is removed by distillation. After all of the toluene has been removed, the heat is turned
off and the polymer solution is allowed to cool before the addition of the nanoparticles
and processing occurs.

4. Polymer Processing:
At this point, the quality of the polymer is tested by drawing a thin film of the
polymer in solution. A glass plate is cleaned and prepped to ensure there are no
contaminates which could ruin the integrity of the film. A dirty or dusty plate can cause
the polymer film to bubble. A clean glass plate is scraped free of dust and particles using
a razor blade and rinsed with solvent. A small amount of polymer in 15% by weight
solution (approx. 25mL) is placed in the top center of the glass plate and pulled using a
doctor blade set at 0.15 millimeters to produce an even thin film.
A General Signal Blue M Electric oven was used to cure the films. Polyimides
were heated in steps to allow the solvent to evaporate slowly so as to prevent bubbling.
The heating program took one hour to ramp up from room temperature to 100°C, held for
an hour, ramped to 200°C, held for one hour, ramped to 300°C, and held for one hour
before turning off and cooling to room temperature. At the end of the cycle, the film was
removed from the glass plate by immersing the plate in a large water bath.
17

The crease test was used as an approximate measure of the quality of the polymer.
The polymer was deemed to have sufficient molecular weight if the film could be folded
and creased without cracking or breaking. It was at this stage that the boron was added to
the solution, a process which will be discussed in the next section.
After the boron had been added, the solution was poured slowly into a household
blender filled halfway with deionized water while blending. The boron-containing
polymer crashed out of solution in the form of light grey flakes. The flakes were dried in
a Buchner funnel and washed with more deionized water to remove any residual NMP.
Any solids that passed through the filter, particularly any boron particles, visible due to
the light gray color of the water, were collected by re-filtering the filtrate until the liquid
ran clear. The polymer flakes were then washed with cold methanol and dried in an oven
at 100°C to remove residual water.

5. Polymer Sample Pressing:
After the polymer flakes were dried, they were pressed into a sample block using
a small rectangular steel mold. The first blocks made from this process had crosssectional dimensions of 3.5” x 0.875”. However, testing with a neutron source would
require blocks measuring 4” x 4” in cross-section.

18

The mold was first prepped to ensure all elements would not sustain damage
during pressing and so polymer would not stick to the mold after heating. To prep, the
mold was brushed with Zyvax® release agent on all sides and edges facing the polymer
using a paintbrush and allowed to dry for 60 seconds before wiping off the excess. This
process was repeated twice to ensure full coverage. The mold was then assembled as
tightly as possible to avoid any polymer escaping. The poly(UDABAM) flakes were then
added a little at a time into the top of the mold and then packed down using the press. The
process of filling and packing the mold was repeated until the desired amount of polymer
is fit into the mold. For neutron testing, a sample with a thickness (i.e., an areal density)
of lg/cm2 was made.
Once the mold was filled it was placed in the press with a Kapton® square above
and below it to protect the heating plates in the event that any polymer escaped the mold.
Thermal insulation pieces were placed around the mold. The panels on the press were
heated to 415°F and the mold was put under 100 psi. Once the panels were up to
temperature, this pressure was maintained for two hours. After two hours, the heating
panels were turned off and the mold was left to cool overnight without additional
pressure. The next day the mold was taken apart and the sample was cleaned using a
razor. Small pieces of these sample were cut off and sent off for elemental analysis to
confirm that the sample contained the desired amount of boron.
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6. Boron Treatment
In past work, several different types of dopants and dispersing agents were used.
Gadolinium compounds have been studied1. For the current work boron was selected
because it has an advantage of having a high neutron capture cross-section as well as
being lightweight. This means it adds less weight to the overall shield and is easier to
evenly distribute in a polymer solution.
In order to properly test the effectiveness of a boron-containing shielding
material, it is important that the boron particles are distributed evenly throughout the
material. To prevent agglomeration of the boron in the polymer, the particles were first
treated with dispersing agents. The first agent used for samples sent off for elemental
analysis testing was 2-ethylhexanoic acid (2-EHA)(Appendix A: Figure A -l). The
dispersion of particles in thin films using 2-EHA was studied by former graduate student
Joseph Auslander using scanning electron microscopy (SEM)1.
The procedure for treating the boron nanoparticles with 2-EHA was to first mix
the particles with 2-EHA at a ratio of lg of boron to lOmL of 2-EHA in centrifuge tubes.
These mixtures were shaken by hand for ten minutes to combine and then centrifuged to
separate the particles from the liquid. The excess liquid was decanted off and the particles
were then washed twice with the solvent used in the polymerization, in this case NMP.
After each washing, the particles were centrifuged and excess liquid was decanted off.
The particles were then dried in an Isotemp 281A Vacuum Oven at 200°C. After this
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procedure was followed, the treated nanoparticles were combined with the imidized
poly(UDABAM), which will be discussed in the next section.
We then switched from treating the nanoparticles with 2-EHA to treating with a
solution of 4-benzoylpiperidine (Bpip). A 0.1M solution of Bpip was used, with the
solvent used in the polymerization (NMP) as recommended by our collaborators at
International Scientific Technologies. This concentration was shown to prevent
agglomeration of the nanoparticles in thin film studies and was applied to the production
of samples of poly(UDABAM) being processed and pressed.
The procedure for Bpip treatment was similar to the procedure followed for
treatment with 2-EHA. The boron nanoparticles were washed with the 0.1M solution. For
0.4g of nanoboron, 8 mL of solution was used, a ratio which ensures all of the powder
was wetted, but also most of the particles were able to be centrifuged out. For 8mL of the
mixture used in a centrifuge tube, this came out to be 0.141mL BPip with 7.849mL NMP.
Each tube was shaken on a vortex shaker for approximately three minutes to distribute
the solution evenly. Then the tubes were put into the centrifuge at 3000 rpm for 20
minutes. About one-quarter of the boron nanoparticles did not settle to the bottom of the
tube, but rather stayed suspended. Apparently these particles were very small, which was
why they could not be pulled out of suspension. After centrifugation, the liquid on top,
which was grey due to the boron particles unable to fall to the bottom, was decanted. The
boron that settles to the bottom was rinsed with about 4mL NMP before being shaken and
centrifuged again. This rinse was repeated one more time. The boron left in the tube after
21

the final decanting was scraped out, placed into a dish, and heated in an oven at about
200°C to dry. When the dish stopped losing mass it was determined that the nanoparticles
were dry and the treated boron was put it into a sealed container until being added to the
polymer.

7. Boron Addition:
Two methods were used for combining the treated boron with the UDABAM
polyimide before pressing. In one method the treated boron nanoparticles were added
directly to the polymer solution immediately after polymerization and allowed to stir for
an hour at room temperature to become fully incorporated into the solution. The polymer
turned dark grey after the addition. The polymer was then precipitated from solution as
described in the procedure above. Some of this polymer powder was sent off for
elemental analysis. Each time the results showed an unexpectedly low boron content. As
a result, it was decided the boron nanoparticles alone needed to be sent off for elemental
analysis for the determination of the exact amount of boron in the nanoparticles
(Appendix A). The purity was then taken into account to create useful shielding material.
The second method of introducing the boron to the polyimide involved the
addition of the boron to the processed and dried polymer flakes. The two solids were
mixed together and added directly to the mold for pressing. The results of these methods
will be discussed in the next section.
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8. Neutron Testing at NASA Langley
The preliminary steps for determining the best composition of boron-containing
shielding materials were performed. A test was set up to simulate the effectiveness of
introducing boron as a thin layer in the shielding material. NASA Langley provided a
one-curie neutron source for the investigation. As the “thin layer” of shielding material in
this test, two 4”*4” pieces of woven polypropylene cloth containing 20% boron carbide
enriched to 96.77% with 10B were stacked together7. The results were compared to an
experiment in which the woven cloth was pure polypropylene which contained no boron.
The neutron test was run by taping the 4”*4” pieces of the cloth to the back of a 4” x 4”
x

lg/cm2pressed block of pure poly(UDABAM). Directly behind this woven cloth a

piece of indium foil was secured with tape. The block was then taped with the
poly(UDABAM) side against the neutron source. This was left secured against the source
for 24 hours, at which point the block was removed and the radioactivity from the indium
foil was measured using a Gieger counter. A photo of the woven polypropylene samples
are shown in Appendix B: Figure B-3.
The amount of neutron radiation getting through the material can be measured
because the indium contains 115In, which can absorb a thermal neutron to become 116mIn.
This unstable isotope has a half-life of 54.2 minutes and undergoes beta decay which is
measured by the Gieger counter. The number o f counts when the shielding material with
boron is in place is compared with the counts when the material without boron is in place.
The data for these experiments are shown in Appendix B.
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C. Results and Discussion:
The ultimate goal of this project was to compare neutron-absorption results of
boron in a thin layer behind a thick polymer sample against the results of the same
amount of 10B dispersed throughout the same volume of polymer. Computer generated
simulations using the NASA program OLTARIS have shown that there is not a
measurable difference between inserting the nanoparticles in a thin layer versus
distributing the same number of nanoparticles over a thick section of material15.
However, this has not been tested using a neutron source on real samples. Therefore, to
accurately carry out real tests, it is extremely important to produce polyimide materials
with known amounts of boron.
In an attempt to make this material, the biggest struggle was to obtain exact
amounts of boron. Multiple samples of the boron-loaded polymeric material were
submitted for elemental analysis to Galbraith Laboratories. Galbraith consistently
reported unexpectedly low percentages of boron. For example, sample flakes of polymer
prepared using 2-ethylhexanoic acid were made up to be 10% boron, but their analysis
came back consistently below 10%. One sample returned almost 3% low, at 7.11% boron
(Appendix A, Figure A -l).
As a result, the procedure for incorporation of nanoparticles was changed to try to
create more predictable samples. The boron was still treated with a dispersing agent, but
instead of being added into the polymer dissolved in NMP, the dried processed polymer
was mixed with the dried treated boron (i.e., the second procedure described in the Boron
24

Addition section above). This created an obvious problem where boron nanoparticles
tended to settle to the bottom of the mold when packing and pressing. The uneven
dispersion is evident in the elemental analyses of the top and bottom layers of the block
(Appendix A, Figure A-2).
The boron nanoparticles treated with the Bpip dispersing agent were also sent off
for analysis to get a sense of how much boron the sample contained. The percentages of
boron ranged from 27.9% (Appendix A, Figure A-3) to 77.4% (Appendix A, Figure A-4).
Since the percentages for what should have been identical samples were so varied, the
company repeated the analysis on the Bpip-treated boron, taking two samples from the
same sample vial. One test gave 47% boron; the second test, 77% boron (Appendix A,
Figure A-5). Additionally some samples of pure nanoboron straight from the original
bottle received from International Scientific Technologies, purchased from Specialty
Materials Inc., were sent off to Galbraith Laboratories. Originally, this material was
assumed to contain 100% boron nanoparticles, Galbraith reported only 60.7% boron
(Appendix A, Figure A-6) which is in conflict with all of the percentages previously
provided from Galbraith. Considering these inconsistencies in data, the samples were
then sent off to another company ALS for elemental analysis.
ALS analyzed both treated boron and untreated boron straight from the bottle.
Their results were much more consistent. The treated boron was 89.97% and the
untreated boron straight from the bottle was 90.80% (Appendix A, Figure A-7). The
deviation from 100% boron can be explained by surface oxidation of the boron particles.
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Next, a 0.81 g/cm2 thick block of UDA/BAM with 8.9% boron by weight was
made up. Small pieces from the top layer of the block, from the bottom layer of the block,
and a piece of both together were all sent to ALS for analysis to test the dispersion of the
particles in the block. Bpip was used as the dispersing agent and the particles were
incorporated directly into the poly(UDABAM) in solution. These results showed that the
boron had been uniformly dispersed throughout the sample and confirmed that we can in
fact make a sample with a predetermined amount of boron, uniformly distributed
throughout the sample for testing purposes.
The neutron tests at NASA Langley showed that when the two sheets of woven
polypropylene cloth which contained boron were in place behind the poly(UDABAM)
shielding material, there were fewer neutrons absorbed by the indium foil than when the
pure polypropylene cloth pieces were in place. When the pure polypropylene samples
were in place the counts/100s at end of irradiation was 2765. This can be compared to the
results from the samples which contained boron carbide, where the counts measured were
1503 (data in Appendix B). The next step of the project would be to make up a lg/cm2
block, 4”x4”, with the same amount of boron-10 as the two thin woven sheets containing
enriched boron carbide, to test the effectiveness of boron in one thin layer versus that of
boron spread throughout a larger piece of the polymer. However, the various boron
analyses took so long that this step could not be completed.
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CHAPTER 3: POLY(ARYLENE ETHER) SYNTHESIS
A. Introduction
This chapter describes research resulting in the preparation of novel poly(arylene
ethers). Similar to polyimides, poly(arylene ethers) are high performance polymers with
high glass transition temperatures, mechanical strength, and thermal stability. Their
thermal stability stems from the aromatic ether linkages, which are stabilized due to
resonance in the aromatic rings. The ether linkages provide some flexibility to the
backbone of the polymer providing toughness through its ability to disperse energy14. The
general structure of poly(arylene ethers) is represented by the poly(arylene ether ketone)
shown below in Figure 4.

Figure 4: G eneral Structure o f poly(arylene ether ketone) (P A E K )

There are several ways to synthesize poly(arylene ether ketones) through
electrophilic or nucleophilic means. The synthesis of a totally aromatic poly(arylene ether
ketone) by an electrophilic Friedel-Crafts acylation was first accomplished by Bonner4 to
make poly(arylene ether ketone ketone) (PEKK). These reactions require a high
concentration of a Lewis acid catalysts, commonly aluminum chloride (AlCh). This is a
two-step reaction, in which the aluminum chloride catalyzes a reaction between an acid
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chloride and a benzene ring by the formation of an acylium ion. The reactions are shown
below in Figure 5.

A1CU

Hc:i

net

Figure 5: Friedel-C rafts acylatioo

A second method of arylene ether polymerization and the one utilized for this
investigation is a nucleophilic aromatic substitution reaction (SNAr) between an activated
aromatic halide and a phenol (Figure 6). This is also a two-step process where the
nucleophile attacks the carbon of the C-X and the resulting structure is resonancestabilized by the activating group, in this case a carbonyl. Reactivity for this type of
reaction is as follows: F>Cl>Br. The C-F bond is very polar and therefore the most
reactive by making the carbon attached to the fluorine more susceptible to nucleophilic
attack. Therefore, fluorine monomers are generally used to achieve high molecular
weights. This type of reaction requires high temperatures and basic conditions to ionize
the phenol so that it attacks the carbon on the activated ring.
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An important feature of these polymer shields against particulate radiation in
space lies in their hydrogen content. High hydrogen content in a material while
maintaining mechanical strength and properties makes a more effective shield. The goal
of this investigation was to synthesize a monomer which is easy to make and polymerize
with other high-hydrogen bisphenol monomers creating a hydrogen-rich poly(arylene
ether ketone).
Monomer A, a dihalo compound was selected as a hydrogen-rich component for a
new poly(arylene ether). Monomer A had previously been synthesized by Osano et al12.
The structure is shown in Figure 7.
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B PF
4 ,4 ;-difluoi obenzophonone

M on om er A
trans-1,4-di(4-fluorobm zoyl)cyclohexane

Figure 7: Structures o f dihalide m onom ers: 4 ,4 '-d ifIu o ro b e n z o p h o n o n e and tra n s -L 4 di(4-fluorobenzoy! )eye1ohexane

The advantage of this molecule over other dihalide compounds, such as BPF, is
the addition of the non-aromatic ring which increases the hydrogen content.
The goal of this investigation was to synthesize and polymerize a dihalide
monomer which would increase the hydrogen content of poly(arylene ether ketones) for
the application in shielding materials. As mentioned in the last section, the element
hydrogen provides the greatest defense against high energy protons. While it is not used
in the polymerization step of our poly(arylene ethers), the difluoro monomer described in
this research utilized the Friedel-Crafts acylation reaction scheme described above. In this
reaction, 1,4-cyclohexanedicarbonyl dichloride was reacted with fluorobenzene, creating
a difluoro monomer with a non-aromatic ring component. This provides additional
hydrogen while hopefully maintaining the thermal stability and mechanical strength
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provided by polymers of this kind. Following is a description of the synthesis,
polymerization, and characterization of high-hydrogen poly(arylene ether ketones) for the
purposes of radiation shielding.

B. Experimental:
1. Materials and Instrumentation
The synthesis of trans-l,4-di(4-fluorobenzoyl)cyclohexane, here referred to as
monomer A for simplicity, was a two-step process beginning with the conversion of a
carboxylic acid to an acid chloride. The reaction was carried out using an Electrothermal
heating mantle. The starting material, trans-l,4-cyclohexane dicarboxylic acid (1,4CHDA), was purchased from AddexBio. Nucleophilic substitution with thionyl chloride
(SOCI2 ), purchased from Sigma-Aldrich at >99% purity, produced the acid chloride. For
this conversion, N,N’-dimethylformamide (DMF) was purchased from Acros Organics at
99.8% purity. The next step involved a Friede 1-Crafts acylation with fluorobenzene
purchased from Sigma Aldrich at 99% purity. The aluminum chloride (AICI3 ) used was
purchased from Acros Organics at 98.5% purity.
Monomer A was recrystallized in N,N’-dimethylacetamide (DMAc) purchased
from Acros. 4-4’-Difluorobenzophonone was purchased from Oakwood Chemical and
was recrystallized in ethanol. Bisphenol A (BPA) was purchased from Sigma Aldrich at
97% purity. 4,4’-Isopropylidenebis(2,6-dimethylphenol), also known as tetramethyl
bisphenol A (TMBPA), and 4,4’-(l,4-phenylenediisopropylidene)bisphenol (p-HPB)
31

were both purchased from Sigma Aldrich at 98% and 99% purity, respectively. All of the
bisphenols were recrystallized in toluene purchased from Fischer Scientific at 97%
purity. For the polymerization of poly(arylene ether)s, either DMAc or NMP was
purchased from Sigma Aldrich used as the solvent. Potassium carbonate (K 2 CO 3 ) was
purchased from Sigma Aldrich.
Isotemp vacuum ovens were used to dry all samples. Thermogravametric analysis
(TGA) was performed on the monomers and polymers using TA Instruments Q500 TGA.
Differential scanning calorimetry measurements were performed using a TA Instruments
DSC Q20.

2. Monomer Synthesis
The synthesis of trans-l,4-di(4-fluorobenzoyl) cyclohexane begins with trans-1,4cyclohexane dicarboxylic acid (1,4-CHDA) to produce
1,4-cyclohexanedicarbonyl dichloride (1,4-CHCl). There are a few different ways to
create an acid chloride from a carboxylic acid. Here, the acid chloride was created by
nucleophilic substitution with thionyl chloride18. This was accomplished using an excess
of thionyl chloride and DMF as a catalyst10. The reaction was carried out using a lOOmL
3-neck flask equipped with a magnetic stir bar, a condenser which was cooled to 10°C
using a refrigerated water bath, and a nitrogen inlet. The flask was charged with
0.058mol 1,4-CHDA, 0.232mol thionyl chloride, and 0.05mL DMF was added as a
catalyst. The reaction was refluxed at 60°C for five hours using an electric heating
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mantle. Immediately, the reaction started bubbling as HC1 and SO2 were produced, but
bubbling began to dissipate as the reaction came to completion.
Once the reaction was complete, the excess thionyl chloride was removed at 65°C
under vacuum using a liquid nitrogen trap. The resulting dichloride was a liquid under
these conditions. However, when the reaction was left at room temperature under
nitrogen the crystals of 1,4-CHCl precipitated.

HO

OH

DMF

60°C

A IC I3

Figure 8: Synthesis o f irans~l ,4-di(4-f!uorobenzoyt)cycfohexane

The second step of the synthesis was to replace the chlorine leaving group with
fluorobenzene through a Friedel-Crafts acylation to produce monomer A. There were no
other solvents used in this reaction, and as such, a large excess of fluorobenzene was
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used. There was a 1:17 molar ratio of 1,4-CHCl to fluorobenzene and a slight excess of
aluminum chloride (1:2.3 molar ratio). The overall reaction for the synthesis of
monomer A is shown in Figure 8.
The 1,4-CHCl (0.0933 mol) was fully dissolved in 50ml fluorobenzene and
poured into an addition funnel. A separate 250ml flask was equipped with a magnetic stir
bar, a nitrogen inlet, and drying tube. After the flask was purged with nitrogen, the
aluminum chloride was combined with 100ml fluorobenzene in the flask and the mixture
was chilled in an ice bath over a stirring plate. The addition funnel was attached and the
1,4-CHCl was added dropwise. After addition was complete, the ice bath was removed
and the reaction was allowed to stir for 8 hours at room temperature. After 8 hours, a
white precipitate formed in the flask. The reaction was quenched by being poured onto
crushed ice and stirred overnight. In the final step of the reaction, the aluminum chloride
formed a complex with the final product, which was released when poured into excess
water. The next day liquids were decanted and the white solids were kept for purification.

3. Recrystallization
As mentioned in the previous chapter, recrystallization is an important step in any
polymerization. After the synthesis of monomer A, several recrystallizations were
performed to achieve a pure product. The melting temperature was checked after each
recrystallization of monomer A and once a melting 209-211°C was achieved, a TGA was
performed.
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Monomer A was recrystallized in DMAc at 150°C at a ratio of lg monomer to
2mL solvent. The solvent was heated and stirred using a magnetic stir bar until all of the
solids were dissolved. The mixture was then cooled to room temperature before being put
into the refrigerator for further cooling. The resulting white crystals were vacuum filtered
and washed with 3°C DMAc. The crystals were allowed to air dry overnight before being
recrystallized again. Recrystallizations were performed two or more times until a final
melting temperature of 209-211°C was achieved. The resulting crystals were dried in a
vacuum oven at 110°C overnight before being placed into a desiccator. The structure was
confirmed by NMR (!H NMR (CDC13, ppm): 7.97 (m, 4H), 7.15(m, 4H), 3.29 (m, 2H),
2.01 (m, 4H), 1.64 (m, 4H)), shown in Figure 9. Peaks around 2.08, 2.94, and 3.02 are
likely to be associated with residual DMAc from recrystallizations.

The rest of the recrystallizations on the monomers for polymerization of
poly(arylene ether)s were performed in a similar manner as monomer A. BPF was
recrystallized two or more times in EtOH at 75 °C with a ratio of lg BPF to lOmL EtOH.
BPF crystals were washed with 3°C EtOH and allowed to air dry before being placed into
a vacuum oven for drying. BPF was recrystallized until a melting temperature of 106108°C was achieved.
BPA was recrystallized from toluene at a ratio of lg BPA to 15mL solvent. BPA,
TMBPA, and p-HPB were all recrystallized from toluene at 100°C. TMBPA was
recrystallized from toluene at a ratio of 1g TMBPA to 20mL solvent. P-HPB was
recrystallized at a ratio of lg p-HPB to 5mL solvent. All bisphenol crystals were filtered
in a Buchner funnel and dried in an oven at 110°C overnight for further drying.
Bisphenol structures are shown in Figure 10.

Bisphenol Monomers:

BPA

TMBPA
4.4’-i5opriopylidenebis{2.6-dimethylphenol)

Bisphenol A

Tetramethyl Bisphenol A

p-HPB
4.4’-(T4-phenylenediisopropylidene)bisphenol

Figure 10: B isphenol m ono m ers: B isphenol A . 4 . 4 ‘-isopropylidenebis(2.6dim eth ylph en ol, and 4 , 4 '- ( 1 ,4 -p henyienediisopropyiidene)bisphenol
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4. Polymerization
Before using the new monomer in a polymerization, the general procedure of
poly(ether ketone) production was tested with BPF by synthesizing poly(BPABPF) since
monomer A is similar to BPF. After poly(BPABPF) was successfully polymerized
(shown in Figure 11), the procedure was applied to the polymerization of monomer A
with TMBPA, a bisphenol similar to BPA but with four additional methyl groups which
greatly increase the overall hydrogen content of the polymer. The polymerization of
monomer A was also attempted with p-HPB, another high-hydrogen bisphenol.

Polymerization of BPA & BPF

l

Figure 1.1: P o lym erizatio n o f B P A and BPF

The polymerization of poly(arylene ether)s utilizes a polar aprotic solvent, which
for the polymerizations of BPA with BPF was NMP. For the polymerizations of
monomer A with TMBPA and p-HPB, DMAc was found to be a more effective solvent.
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Potassium carbonate was used at a molar ratio of 1:2.4. This base prevents an interfering
side reaction by combining with the HF produced in the polymerization, while also
ionizing the phenol so that it attacks the positively charged carbon on the dihalide.
Toluene was used to remove water from the flask and was utilized at a volumetric ratio of
3:7 toluene to solvent. Each polymerization was calculated to produce a solution 18% by
weight of polymer.
The polymerization was carried out in a three-neck flask equipped with an N 2
inlet (with thermometer), an overhead stirrer, and was heated using an electric heating
mantle. First, the dihalide compound was entirely dissolved in a portion of the solvent
and then transferred to an addition funnel for dropwise addition into the reaction flask.
Then the bisphenol, toluene, and the rest of the solvent was added along with the solid
K 2 CO 3 to the flask. The flask was heated to 60°C in the heating mantle until the K 2 CO3
dissolved. Then the dihalide solution was added dropwise to the solution over a period of
approximately an hour.
Once all of the dihalide had been added, a Dean-Stark trap filled with toluene was
attached to a condenser and affixed to the flask. The heat was then increased to 160165°C and held for 24 hours while the water/toluene azeotrope refluxed and the water
separated in the Dean-Stark trap. After 24 hours, the temperature was raised to 180°C and
until all of the toluene was removed. The solution was allowed to cool before being
processed further.
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5. Polymer Processing:
The cooled polymer solution was slowly poured into a household blender
containing a mixture of 60:40 deionized water to acetic acid, which neutralizes the
potassium carbonate and precipitates the polymer. Then the contents were poured into a
Buchner funnel and washed several times with boiling deionized water to remove any
potassium salt and excess acetic acid, followed by a washing with cold methanol. After
air drying, the polymer was weighed and placed into a 110°C oven for further drying.
All of the polymers appeared white or off-white.
After drying, approximately two grams of the dried flakes were re-dissolved in
solvent (either NMP or DMAc) to create a 15% by weight solution of polymer. A glass
plate was cleaned, dried, and scraped down using a razor blade to create a particle-free
surface then the solution was pulled using a doctor blade set to 0.15mm. The plate was
placed into a Blue M oven for slow curing, since poly(arylene ether) films tend to form
bubbles if heated too fast. The program takes ten hours to ramp from room temperature to
100°C, holds for one hour, ramps in 10 hours to 200°C, holds one hour, ramps in 10
hours to 300°C, holds at 300°C for two hours, and then returns to room temperature.
Polymer films were also produced from dissolution in chloroform. The oven cycle
was changed for this, since chloroform is a lower boiling solvent than either NMP or
DMAc. The new oven cycle was as follows: room temperature to 100°C in ten hours and
held at 100°C for two hours before returning to room temperature. The films were
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removed from the glass plate by being placed into a water bath. To test the molecular
weight of the polymer the crease test was performed.

C. Results & Discussion
While the synthesis of monomer A was successful, it could also be improved to
increase yield. At the beginning of the process, much of the product from the first step
involving 1,4-CHCl was lost. Originally, a vacuum oven was used to remove the excess
thionyl chloride. However, the product 1,4-CHCl sublimed onto the cooler glass oven
door. Additionally, tap water at approximately 23 °C was originally used in the condenser
during refluxing in the first step. The water did not seem to be cold enough condense the
thionyl chloride, so much of the thionyl chloride was lost during the reaction, resulting in
an extremely low yield. This was slightly improved through the use of a refrigerated
circulating water bath to cool the condenser water.
In the second step, the Friedel-Crafts acylation of fluorobenzene also presented a
few problems. Throughout the eight hours o f the process, the solution turned from pale
yellow to pale pink before being scraped out into crushed ice. Under the reaction
conditions, the final difluorobenzoyl compound precipitated out of solution. This was in
contrast to the literature12, which describes the use of a separatory funnel to extract the
excess fluorobenzene layer from the aqueous layer and the product being collected using
a rotary evaporator. In our experiment, the precipitated product was directly collected
from the aqueous solution after stirring and dissolved in DMAc. The structure was
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confirmed by NMR (Figure 9). Some product is lost with the recrystallization, so the
recrystallization step should be altered to increase the overall yield.
The first three attempts at the synthesis of monomer A produced less than one
gram of product, resulting in less than a 5% yield. The fourth synthesis resulted in a
23.8% yield after four recrystallizations of the final product. The fourth attempt achieved
a 45.8% yield after recrystallizations.
During the polymerization of poly(BPABPF), the solution turned light blue
during the first few hours. Twenty hours later the solution had turned dark blue/black
and viscous. After precipitating the polymer in acetic acid and deionized water, the flakes
were off-white. The dissolved polymer flakes resulted in a creasable film which suggests
the process resulted in a high molecular weight material. However, the program on the
oven apparently caused the film to have small dark dots possibly due to some change
during the long cure time in the oven.
Next, the process was applied to the polymerization of monomer A with TMBPA.
The initial attempt to polymerize of monomer A with TMBPA was carried out in NMP in
the same manner as it was for BPA with BPF. The reaction is shown in Figure 12. At the
end of 24 hours the polymer was darker and had become slightly more viscous over time.
After being processed, the polymer was powdery and could not be completely dissolved
in NMP. Consequently, a polymer film produced from the mixture of polymer in NMP
did not come out well, as the white polymer separated on the glass plate before the curing
process had completed. However, the polymer did dissolve fully in chloroform, so the
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oven cycle was adjusted to better cure the film from the low boiling solvent. The polymer
film produced from the solution in chloroform was transparent but it easily cracked upon
creasing, suggesting the molecular weight was unacceptably low.
The polymerization of monomer A with TMBPA was carried out a second time,
but utilizing DMAc instead of NMP as the solvent because monomer A seemed to
dissolve more easily in DMAc. The low solubility in NMP may have contributed to the
low molecular weight of the first polymer. After removal of the water and toluene, the
solution had gained significant viscosity. After processing and drying, the polymer was
dissolved in chloroform and the resulting film was sturdy and did not crack when
creased, suggesting a high molecular weight material.

Polymerization of TMBPA & Monomer A:

Figure 12: P olym erization o f T M B P A & tran s-l,4 -d i(4 -ftu o ro b en zo y l)cy clo h ex a n e
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Lastly, monomer A was polymerized with p-HPB. The polymerization was
carried out in DMAc. The solution was heated to 140°C for the first two hours of mixing
as water came off and the solution remained colorless rather than blue. After several
hours of stirring at 160°C, the solution turned yellow/brown, and after removal of the
toluene, became very viscous. After precipitation in a 60:40 water to acetic acid solution
at room temperature, a white powdery polymer was collected by vacuum filtration. The
resulting material did not dissolve well in NMP, DMAc, chloroform, or many other
solvents used, so a film was not able to be made from this material. The polymerization
of p-HPB and monomer A is shown in Figure 13.
The polymerization was performed again and resulted in a very viscous solution,
which was more soluble in chloroform. A film was pulled from the processed material
and produced a film which did not crack upon creasing, suggesting a high molecular
weight material.

Polymerization of p-HPB & Monomer A:

Figure 13: P olym erizatio n o f p -H P B & t ra n s -1,4-di(4-fiuorobenzoy!)cyclohexane
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The properties of these polymers, including hydrogen content, glass transition
temperature, and temperature at 5% mass loss are summarized in Appendix C. In the
polymerization of monomer A with TMBPA in DMAc, the material produced had a glass
transition temperature of 217°C, and experienced 5% mass loss at 467°C. This material
also had a hydrogen content of 7% by weight, greatly increasing the shielding capability
against energetic particles. In the polymerization of monomer A with p-HPB, the polymer
had a slightly lower glass transition temperature of 217°C, with 5% mass loss at 470°C.
This material was calculated to be 6.7% hydrogen by weight (Table 1).

Polym er

Formula

Hydrogen Content

Kapton

C 22 H 2 0 O 5 N 2

0.0264

Polypropylene

C3H6

0.144

U D A /B A M

C 55 H 4 6 0 6 N 2

0.0558

BPA/BPF

C 28 H 1 8 0 2 F 2

0.0545

TM B PA /A

C 3 9 H 4 0 O 4

0.0703

p-HPB/A

C 44 H 4 2 0 4

0.0667

Ji

T able 1: S u m m a ry o f polym ers discussed, including form ulas and h ydrogen
content.
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CHAPTER 4: CONCLUSIONS
This research confirmed the relatively precise introduction and even distribution
of boron nanoparticles within a hydrogen-rich polymeric material (Appendix A: Figure
1). This technique could be used for the addition of nanoparticles into other polyimides or
types of polymers other than the one used in this investigation. The material produced
from this experiment could be used to compare the neutron-capture capability of a
highly-concentrated layer of boron nanoparticles to that of the particles dispersed
throughout a less concentrated layer of polymeric material. This could help determine the
most effective shielding scheme for the reduction of secondary radiation inside a
spacecraft. Additionally, the technique could be applied to other nanoparticles for
neutron-capture, such as gadolinium compounds, or fillers which could serve other
purposes, for example, the reduction of charge-build up on electronic devices aboard the
spacecraft.
This research then went on to investigate the production of novel hydrogen-rich
poly(arylene ether ketones). These materials could be used to shield from highly
energetic particles from GCRs and SEPs. The incorporation of non-aromatic rings into
the polymers was studied to increase hydrogen content while maintaining the desirable
mechanical properties that poly(arylene ethers) possess.
The successful polymerization o f monomer A with two bisphenol monomers
TMBPA and p-HPB resulted in materials with relatively high hydrogen content by
weight. In particular, polymerization of monomer A with TMBPA produced a material
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with a high glass transition temperature as well as hydrogen content making it a
potentially useful material for this application. However, the main point of improvement
for this polymer lies in the percent yield of monomer A. This investigation could also be
extended by the polymerization of monomer A with other hydrogen-rich bisphenols to
produce even more useful material.
Overall, this investigation studied polymeric materials which attempt to reduce
both primary and secondary forms of radiation encountered on deep-space missions. This
included the incorporation of nanoparticles into hydrogen-rich polyimides for defense
against neutrons found in secondary radiation, as well as the polymerization of two novel
hydrogen-rich polymers for the application of radiation shielding against the energetic
particles in space radiation.
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APPENDIX A: ELEMENTAL ANALYSIS REPORTS
Samples Results from Galbraith:
Sam ple: UDA-BAM + 10%B
Lab ID: 2012-S-0924
Analysis

Received: 2012-09-19

M ethod

R e s u lt

B asis

S am p le
A m ount U sed

D ate (Time)

GLI Procedure ME-70

7 .1 1 %

As Received

18.84 mg

2012-09-27

6 : Boron

Figure A -l: First sample made up to be 10% B. Dried, treated boron (2-EHA) was
introduced to polymer in solvent. Results from Galbraith show 7.11% boron.
Sam ple: C:TOP
2014-V-9424
Lab ID:

Received: 2014-02-18

A nalysis

M ethod

R e s u lt

B asis
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Figure A-2: Pressed sample, lg/cm2 measuring 3.5” x 0.875”. Dried treated boron (Bpip)
was introduced to the dried processed polymer, made up to be 10% boron by weight.
Results measure, bottom of sample 10.6% boron, top of sample 5.45% boron by weight.
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Figure A-3: Dried boron nanoparticles tested after treatment with Bpip procedure results
from 2/18/2014, measured 27.9% boron by weight.
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Figure A-4: Dried boron nanoparticles tested after treatment with Bpip procedure results
from 3/18/2014, measured 77.9% boron by weight.
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Figure A-5: Dried boron nanoparticles tested after treatment with Bpip procedure results
from 6/11/2014, measured twice from same sample vial: 47.4% and 77.3% boron by
weight.
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Figure A-6: Untreated boron nanoparticles, pulled straight from bottle received from
International Scientific Technologies, Inc. Results from 3/18/2014, measured 60.7%
boron by weight.
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Figure A-7: Both treated (Bpip) and untreated boron nanoparticles. Results from
6/9/2014, measure 89.87% boron by weight in treated nanoparticles. 90.80% boron by
weight in untreated nanoparticles.
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Figure A-8: Pressed sample, lg/cm2 measuring 3.5” x 0.875”. Dried, treated boron
(Bpip) introduced to polymer in solvent before processing. Sample made up to be 8.98%
boron. To test uniformity, three pieces of block were sent for analysis: section of top
layer only, bottom layer only, and whole piece sent off (top and bottom together). For
each sample, a duplicate measurement was made. Top average: 8.87% B. Bottom
average: 8.99% B. Whole piece average: 8.96% B.
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APPENDIX B: RESULTS FROM NASA LANGLEY NEUTRON SOURCE
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Figure B -l: Data from Neutron source. Scheme: 4”x4”, lg/cm2thick UDABAM sample
flat against neutron source, pure polypropylene woven cloth directly behind, indium foil
attached to polypropylene cloth. Number of counts at end of irradiation: 2765.
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Figure B-2: Data from Neutron source. Scheme: 4”x4”, lg/cm2thick UDABAM sample
flat against neutron source, 20% by weight boron carbide (enriched to 96.77% 10B)
polypropylene woven cloth directly behind, indium foil attached to polypropylene cloth.
Number of counts at end of irradiation: 1503.

Figure B-3: Samples from neutron testing. Left: Pure polypropylene fibers. Right: 20%
boron carbide enriched to 96.77% 10B.
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APPENDIX C: POLY(ARYLENE ETHER) RESULTS & ANALYSIS
TGA

Figure C -l: TGA of material from polymerization of monomer A & p-HPB. Marks
indicate point of 5% mass loss at 470°C, and 10% mass loss at 493°C. TGA conditions:
Ramp 20°C/minute to 575°C in N 2 environment.
TGA

Figure C-2: TGA of material from polymerization of monomer A & TMBPA (in
DMAc). Marks indicate points of 5% mass loss at 467°C and 10% mass loss at 473°C.
TGA conditions: Ramp 20°C/minute to 575°C in N 2 environment.
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Figure C-3: DSC of material from polymerization of monomer A & p-HPB. Dip at
217°C during second heating indicates glass transition temperature. (Cycle for DSCs:
Temperature increase 3°C to 275°C, decrease 3°C to 30°C, increase 3°C to 275°C.)
Sample: 3-TM8PA2
Size: 4.3000 mg
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Figure C-4: DSC of material from polymerization of monomer A & TMBPA (in
DMAc). Dip at 217°C during second heating indicates glass transition temperature.
(Cycle for DSCs: Temperature increase 3°C to 275°C, decrease 3°C to 30°C, increase
3°C to 275°C.)
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Figure C-5: Summary of polymers produced, including hydrogen content, glass
transition temperature, and temperature at 5% mass loss.
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content of 6.7%.
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